In the study, a specific material system that contains poly-(3-caprolactone) (PCL), polyvinyl acetate (PVAc) and hydroxyapatite (HA) was used to fabricate porous scaffolds employing a 3D printing technique for bone regeneration. Four groups of 3D printing scaffolds were fabricated: PCL, PCL/PVAc, PCL/HA and PCL/PVAc/ HA for comparision. The morphologies, mechanical properties and biological characteristics of these scaffolds were analyzed using SEM, a material testing machine, in vitro cell culture and in vivo animal experiments. The results showed that these 3D printed scaffolds possessed porous channel structures with a hole size of 375-475 mm and porosity of 74.1-76.1%. The compressive moduli of the scaffolds increased with the addition of HA and decreased with the addition of PVAc. The PCL/PVAc/HA scaffold exhibited higher cell proliferation and bone formation rates than other groups (p < 0.001), which could be attributed to the synergistic effect of PAVc and HA components. Two types of new bone formation patterns in the scaffold were found in this study: one is the new bone formed directly on the grid matrix, and the other is the new bone initially formed in the center of the scaffold channel and then remolded to concentric circles. The osteogenesis pattern of the latter is analogous to the osteon structure of a cortical bone. The 3D printed scaffold based on PCL/PVAc/HA tri-component system is a promising prospect for future individualized bone repair applications.
Introduction
Treatments for bone defects have been developed for centuries. Although autogras are widely used by clinicians, they have many drawbacks, such as lack of sufficient bone sources, damaged donor sites and complications due to second surgery. 1 In response, articial bone repairing materials have emerged and partly solved the problems of autogras. However, current processing and biomaterials are still difficult to meet with the requirement of individual-based treatment, e.g., uniform bone repair materials are difficult to meet the treatment needs of different size and shape defect sites.
2 Development of 3D printing as a fast additive manufacturing technique offers a new choice for material scientists and orthopaedic surgeons. Scaffolds can be modelled layer by layer with appropriate materials according to the designed framework or the reconstruction of the CT scan data of bone defects. 3, 4 With the help of 3D printing technology, clinicians can fabricate scaffolds of different size, specic shape and porosity.
The necessary bridge linking 3D printing to the clinic is an appropriate matrix material. Poly-(3-caprolactone) (PCL), a biocompatible polymer, has been approved by the Food and Drug Administration of USA. 5 The PCL polymer exhibits high crystallinity and a low melting point, as well as superior workability and machinability at normal temperature. 6 Presently, PCL is used for production of surgical sutures, screws for fracture xation, cranial repair materials, and sustained-release systems. 7, 8 PCL has also been employed as a 3D printing matrix to prepare scaffolds of combined hydroxyapatite (HA) particles, for which PCL matrix provides exible support and HA provides strength and bioactivity. 5, 9, 10 However, there are some shortcomings of the PCL/HA composite system. On one hand, PCL is a hydrophobic material with no propensity for cell attachment. On the other hand, the degradation rate of PCL is very slow. A polymeric shell naturally forms on the stent of scaffolds during the printing process. Thus, it is difficult to expose the embedded HA particles of PCL matrix, which affects the bone-bonding function of HA material.
11,12
A good bone scaffold system should have controlled biodegradability, appropriate mechanical strength, and interconnected pore structure with desired pore size and porosity for cell ingrowth. 13, 14 An ideal bone gra substitute mimics the porous structure of a natural bone which has an interconnected porous system with porosity of about 65% and a pore size of approximately 200-800 mm. 15 Considering that 3D printing is a convenient method to fabricate the interconnected porous structure for bone regeneration, the parameters of the printed scaffold could be set to mimic the pore size and structure of a natural bone. From the engineering point of view, the key challenge of bone scaffold design is nding a specic material system with controlled degradation and suitable mechanical properties. PCL scaffolds displayed a gradual mass loss aer several months to years in vitro and in vivo. 16, 17 Compared to the ester bonds within the backbone of PCL, ester bonds on the side-chains of polyvinyl acetate (PVAc) are sensitive to hydrolysis. 18 Besides, polyvinyl esters underwent erosion aer several days to weeks, depending on the nature of different microbial attacks.
19 Therefore, we selected PVAc as a blending agent to bond a specic material system based on PCL/PVAc/HA composite for 3D printing. Addition of PVAc to the compounded material system is postulated to improve its hydrophilicity and degradation. Further, fast degradation of PVAc component could expose more bioactive hydroxyapatite on the surface of a scaffold for proper cell adhesion and bone formation.
In our experiments, four groups of scaffolds -PCL, PCL/ PVAc, PCL/HA and PCL/PVAc/HA -were prepared, respectively, using dissolved deposition modelling (DDM) on a 3D printer. The polymers were dissolved with dichloromethane (DCM) and blended with HA particles to form composite slurries. Then, the four groups of slurries were 3D printed to prepare the scaffolds, and their different properties have been tested for bone repair capability. Surface structure, porosity, and mechanical properties of the scaffolds were characterized using a scanning electron microscope (SEM), a mechanical test machine and micro-computed tomography (m-CT) scanner. Cell viability was evaluated using cell culture, and in vivo osteogenesis of the scaffolds was assessed by conducting animal experiments, involving implantation of femoral condyle defects in rabbits.
Materials and methods

Preparation of material slurry for 3D printing
Four groups of slurries were prepared for 3D printing and the viscosity of all slurries was tested by a viscosity instrument (NDJ8s, Shanghai Ping Xuan Scientic Instrument Co., Ltd., China). (A) PCL slurry: PCL (20 w/v%) solution was prepared by dissolving 10 g of PCL pellets (M w : 80 000, Shenzhen Esun Industrial Co., Ltd, China) in 50 mL DCM solvent at 35 C. Because DCM evaporates easily with stirring, the viscosity of slurries increases with time. Based on our preliminary experiments, the viscosity of a slurry, suitable for 3D printing, is 300 000-330 000 mPa s. So, when the PCL slurry viscosity reached this range, the stirring apparatus was stopped and the slurry was placed inside a material barrel for next step of printing. (B) PCL/PVAc slurry: 9 g PCL (18 w/v%) and 1 g PVAc (M w : 170 000, J&K Scientic, China, 2 w/v%) were dissolved in 50 mL DCM solvent, following the PCL slurry preparation procedure. (C) PCL/HA slurry: PCL solution was rstly prepared by dissolving 7 g PCL pellets (14 w/ v%) in 50 mL DCM solvent at 35 C, then 3 g HA microspheres (prepared in the laboratory) 20 was added into the PCL solution. (D) PCL/PVAc/HA slurry: 6.3 g PCL (12.6 w/v%) and 0.7 g PVAc (1.4 w/v%) were rstly dissolved in 50 mL DCM solvent, then 3 g HA microspheres were added to the PCL/PVAc solution. The viscosities of four groups were monitored by the viscosity instrument in real time and kept in the range of 300 000 to 330 000 mPa s for suitable printing. Viscosity was measured at room temperature, using No. 4 rotor at the speed of 1.5 rpm. All solvents were obtained from Aladdin Industrial Corporation (Shanghai, China). All raw materials and solvents were of analytical grade and used without further purication.
Fabrication of scaffolds by 3D printing
Four groups of scaffolds (PCL, PCL/PVAc, PCL/HA and PCL/ PVAc/HA) were fabricated using 3D additive manufacturing system (3D Bioprinter V2.0, Hangzhou Regenovo Biotechnology Co., Ltd, China) at room temperature. All scaffolds were fabricated using the same setting parameters: 0.34 mm diameter nozzle, a lament gap of 0.5 mm, a layer thickness of 0.1 mm, and a lay-down pattern of 0 /90 . The size of a lament gap was set as 0.5 mm in agreement with previous studies.
14 Disc scaffolds of 14(D) Â 1.5(H) mm were fabricated for in vitro cell culture. Column scaffolds of 5(D) Â 6(H) mm were fabricated for in vivo studies. Rectangular scaffolds of 10(L) Â 10(W) Â 10(H) mm were fabricated for mechanical tests and other characterization analyses. Aer preparation, these scaffolds were dried naturally in a fume hood for 12 hours and dried under vacuum for 12 hours.
Characterization
Surface morphologies of the 3D printed scaffolds were obtained using a scanning electron microscope (SEM) (JSM-6510LV, JEOL, Japan) at 20 kV aer the scaffolds were sputter coated with gold (15-20 nm) . Computer tomographic assessment (vivaCT80 scanner, SCANCO Medical AG, Switzerland) was performed to detect the scaffold porosity at a voxel size of 31.2 mm. The samples were scanned with 12 mm per pixel, using power of 70 kV and 114 mA. Soware CTAn and CT Vol Realistic 3D Visualization (Bruker m-CT, Belgium) were used for image processing during the CT reconstructions. The compressive strength and modulus were measured using a universal mechanical testing machine (AGS-X-5KN, Shimadzu, Japan) tted with a 500 N load cell. Scaffolds with the dimension of 10 Â 10 Â 10 mm (n ¼ 5) were subjected to 30% compression at a rate of 1 mm min À1 , and the compressive moduli were determined by the initial linear portion of the stress-strain curves.
In vitro cell culture
Cell culture and proliferation assays. Bone marrow mesenchymal stem cells (BMSCs), isolated from Sprague Dawley rats (1 month old, male), were provided by West China Animal Center of Sichuan University, and third generation of the cells was used in the study. 20 Cell culture experiments were conducted under standard culture conditions in a CO 2 incubator (CB150, BINDER, Germany, 37 C, 5% CO 2 ). Aer sterilization with low temperature hydrogen peroxide plasma, the scaffolds were immersed in a-MEM media containing 1% (v/v) penicillin/ streptomycin for 1 week prior to cell seeding. Meanwhile, osteogenic medicine (50 mg mL dexamethasone and 10 mM b-glycerophosphate) was added to the media to promote osteoblastic differentiation of the BMSCs. 21, 22 Each scaffold (B14 Â 1.5 mm) was seeded with a 1 mL cell suspension (1 Â 10 4 cells per scaffold) in a 24-pore plate on the rst day, then the media was replaced every 48 hours in the following 20 days. At 1, 4, 7 and 14 days, the cell proliferation was evaluated by CCK8 kit (Beijing Solarbio Science & Technology Co., Ltd., China). The absorbance values of the water-soluble tetrazolium salt were measured at 450 nm by a microplate reader (Wallac Victor 1420, PerkinElmer, USA). Aer washing with PBS, the distribution of the viable cells was also evaluated using uorescein diacetate (FDA) (L3224, Thermo Fisher Scientic, USA) aer uorescence staining.
23-25
The uorescence staining lasted for an hour at 37 C before observation.
Cell morphology determination by SEM. At 4, 7 and 14 days, the cell/scaffold constructs were xed with 2.5% (w/v) glutaraldehyde containing PBS solution (00-3002, Invitrogen, USA) for 3 hours at 4 C, then washed thoroughly with PBS, dehydrated sequentially with graded t-butyl alcohol (TBA) series (15%, 35%, 55%, 75%, 95%, 100%, v/v, TBA/ethanol), and dried under vacuum for 1 hour at 4 C. The constructs were nally sputter coated with gold (15-20 nm) and observed under SEM.
26
Cell osteogenic activity analysis. At 7, 14 and 21 days aer the cells were seeded on the scaffolds, the scaffolds were rstly washed with PBS three times, then 1 mL 1% Triton-X100 containing PBS solution was added to lyse the cells on the scaffolds overnight at 4 C. The concentrations of osteocalcin (OC) and alkaline phosphatase (ALP) in culture media were detected separately with OC and ALP Activity Assay Kits (ml003360 and ml002883, Shanghai MLBIO Biotechnology Co., Ltd, China). The absorbance measurements were performed at a wavelength of 450 nm using a microplate reader.
12,23,27-30
In vivo studies Surgical procedure. A total of 15 adult New Zealand white rabbits weighing about 2.5 kg of either gender were obtained from West China Animal Centre of Sichuan University. This study was performed in strict accordance with the "Laboratory animal institutions, General requirements for quality and competence" for the care and use of laboratory animals (GB/T 27416_2014) and approved by the Ethics Committee of West China Hospital of Sichuan University in compliance with all regulatory guidelines (Chengdu, China). Rabbits underwent anaesthesia with sodium pentobarbital via intramuscular injection. Aer hair cutting and alcohol-iodine disinfecting, an incision was made to expose the bone, and the defects of B6 Â 6 mm were drilled on both the le and right femoral condyles of rabbits. Considering bioactivity of HA component, we chose and implanted two groups of scaffolds, which were PCL/HA and PCL/PVAc/HA scaffolds with a size of B5 Â 6 mm, into the bone defects of different sides of rabbits, respectively. The wounds were then sutured and properly cleaned with povidone iodine antiseptic. The scaffolds with surrounding tissues were harvested at 4, 8 and 12 weeks 1 aer implantation, and xed in 4% paraformaldehyde solution. The sample implantation process is shown in Fig. 1 .
Micro-CT analysis. Computer tomographic assessment was performed to investigate the extent of bone reconstruction. The harvested scaffold samples were scanned with 12 mm per pixel using power of 70 kV and 114 mA, and a density threshold between 0.25 and 0.75 g cm À3 was used for the 3D reconstruction of the new bone in the harvested scaffold samples. CTAn and CT Vol Realistic 3D Visualization soware packages were used for image processing during CT reconstructions and creation and visualization of the 3D representations.
26,30
Histological staining. The harvested scaffold samples were xed with 4% paraformaldehyde solution and decalcied using Shandon TBD-2 Decalcier for 14 days. Then the samples were dehydrated in graded alcohol (50%, 70%, 80%, 90%, 95%, 100% v/v alcohol/water) and embedded in paraffin. Longitudinal sections (5 mm in thickness) were cut and deparaffinized, stained with Hematoxylin-Eosin (H&E, G1120, Solarbio Life Science Co., Ltd, China) and observed under a light microscope (TE200-U, Nikon, Japan) to investigate the bone formation in the scaffolds and tissue response to the scaffolds at different times following implantation.
Statistical analysis
All results were expressed as mean AE standard deviation (SD). Statistical analyses were performed using Originpro 2017 (OriginLab, USA). A p-value < 0.05 (*) was considered statistically signicant, p < 0.01 (**) was considered very signicant, and p < 0.001 (***) represented extremely signicant values.
Results
The porosity, compressive strength and moduli of the scaffolds are listed in Table 1 . All the scaffolds had a similar porosity ranging from 74.1% to 76.1%. However, there was an obvious difference among their mechanical properties. The PCL scaffold held the highest compressive strength of 11.9 MPa (p < 0.05), while the PCL/HA scaffold had the highest modulus of 125.4 MPa (p < 0.05). The PCL/PVAc scaffold showed the lowest values of both the compressive strength (3.9 MPa) and modulus (26.6 MPa) . The values of mechanical properties of PCL/PVAc/HA tri-component scaffold (6.3 MPa and 55.5 MPa) were higher than those of PCL/PVAc but lower than those of PCL and PCL/HA with no statistical difference observed among them.
SEM micrographs (le side) and higher magnication images (right side) of PCL (a), PCL/PVAc (b), PCL/HA (c), and PCL/PVAc/HA (d) scaffolds are shown in Fig. 2a-d . The printed porous structure and the lament featured a homogeneous and controlled structure as precise as the 3D designed shape. The PCL stent contained many micropores on the lament surface with a diameter of less than 10 mm (Fig. 2a) . The PCL/PVAc stent looked smooth with the exception of a small corrugation on the surface (Fig. 2b) . On the lament surface, the PCL/HA stent contained both the micropores (less than 5 mm in size) and many white convex apophyses caused by the addition of HA microparticles (Fig. 2c) . The PCL/PVAc/HA stent (Fig. 2d ) also contained many HA microparticles and appeared rougher than the PCL/PVAc stent. By contrast, the surfaces of PCL/HA and PCL/PVAc/HA scaffolds were rougher compared to those of PCL and PCL/PVAc, where many HA microparticles were observed on the lament surfaces.
The lament diameter and the hole size (formed by a la-ment gap) of the scaffolds are shown in Fig. 2e and f. For the four groups, the lament diameters of scaffolds were mainly in the range of 155-175 mm, and the major hole size was in the range of 375-425 mm. Only the hole size of PCL/HA group was in the 425-475 mm range. The hole sizes of all groups were lower than the setting parameter of 500 mm, which has been set by the computer as the controlling parameter.
The morphology and distribution of the BMSCs seeded on PCL, PCL/PVAc, PCL/HA and PCL/PVAc/HA scaffolds at day 14 are presented by SEM and microscopic uorescent images in Fig. 3a-d . The cells attached well, spread on all scaffolds to form a cell layer, and showed normal polygonal morphology with abundant interlinked lopodia. Some cells also wrapped the HA microparticles on PCL/HA (Fig. 3c) and PCL/PVAc/HA (Fig. 3d) . A sharp contrast in uorescent stained images in Fig. 3e -h has been observed, which implies that more living cells are expressed on PCL/HA (g) and PCL/PVAc/HA (h) scaffolds at day 14. The Cellstain-Calcein-AM stained cells grew not only on the scaffold surface but also in the holes of the scaffolds. Cell proliferation was evaluated using CCK8 assay. Bezier curves, tted according to the absorbance and the corresponding histogram with differences, are shown in Fig. 4a and b. From day 1 to day 7, the cells in all groups proliferated continuously. At day 4, the cell viability on the PCL/PVAc/HA scaffold seemed the weakest of all three groups (p < 0.001 compared to PCL and PCL/PVAc groups, p < 0.01 compared to PCL/HA group). However, on day 7 and day 14, the PCL/PVAc/ HA groups showed the highest values of all groups in both cell viability and concentration of ALP and OC (p < 0.001 or p < 0.01). Later, the groups containing HA were signicantly superior to the other two groups without HA in cell proliferation and differentiation (p < 0.001 or p < 0.01). Even among the groups containing, the PCL/PVAc/HA group possessed the obvious advantage over PCL/HA group on day 7 and day 14 (p < 0.001). There is no statistically signicant difference between the PCL scaffold and the PCL/PVAc scaffold.
Because the PCL/HA and PCL/PVAc/HA scaffolds exhibited higher cell proliferation and osteogenic activity, the two (Fig. 6 ), rst on the periphery then in the holes of scaffolds, conrming the results of micro-CT results. At 4 weeks, both the PCL/HA scaffold and PCL/ PVAc/HA scaffold were wrapped by the new bone tissue. At 8 weeks, some new bone tissue appeared in the holes of the scaffolds. At 12 weeks, there was more bone tissue in the scaffold porous structure, and the PCL/PVAc/HA scaffold exhibited higher bone formation (24.48 AE 3.02%) compared to that of the PCL/HA scaffold (18.42 AE 0.66%). The specic ratio of new bone to the total bone defect area has been calculated for these sections, which have shown signicant growth from 8 weeks (p < 0.001) to 12 weeks (p < 0.001) (Fig. 5c) .
Interestingly, at higher magnication, we can observe two types of new bone formation patterns in the scaffold grids (Fig. 7) . One pattern represents the new bone formed directly on the grid matrix (a-c). The other represents the new bone which grew rst in the grid centre then lled the holes of the scaffolds (Fig. 7d-i) , forming a structure similar to osteon. A multinucleated giant cell (yellow dashed arrow) appears at the edge of the new bone in Fig. 7i . 
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Discussion
The objective of this study was to develop a specic material system for 3D printing scaffolds suitable for bone repair and reconstruction. The 3D printing technique has the advantage of preparing scaffolds according to the design or clinical individual requirements of various shapes, material composition and interconnective porous structure. 5, 10 The material selection for bone scaffolds is crucial and difficult because of the dual requirement for printing feasibility and biological tissue repair. In the study, PCL was chosen as the major component of scaffolds because of its favorable characteristics in 3D printing, such as mechanical strength and biocompatibility. [31] [32] [33] The slow degradability of PCL is also a merit to maintain the scaffold strength in vivo, which could meet the need of gradual reconstruction of new tissue. However, the hydrophobic surface of PCL matrix is not good for cells adhesion and proliferation. So, we choose PVAc as the versatile component of the scaffold. There are three reasons for the addition of PVAc to the scaffold matrix. Firstly, the hydrophilic PVAc could improve the hydrophilicity of PCL matrix to promote the attachment of proteins and cells. Secondly, the low melting point of PVAc could help the scaffold molding at an appropriate temperature close to that required in clinical applications. Finally, the fast-degradation of PVAc could improve the exposure of bioactive HA particles compared to that of PCL, promoting biological activity of cells. Both the improvement of hydrophilicity and degradation of the material system for printing scaffolds will be benecial to bone regeneration and reconstruction.
34-37
The results indicate that the PVAc component reduced the mechanical strength of scaffolds and made the scaffold soer than a pure PCL scaffold. The reinforcement of HA particles on the mechanical properties of PCL/HA and PCL/PVAc/HA scaffolds was also obvious. The lament diameter and hole size of all scaffolds decreased in different degrees compared to the set nozzle diameter and lament gap. Thus, the dimensional deviation caused a shrinkage of scaffold structure in contrast to the designed shape. Due to evaporation of the solvent, the shrinkage of the printed scaffold structure occurred during the deformation and solidication procedure aer inks were extruded.
14 Additionally, in contrast to PCL/PVAc and PCL/ PVAc/HA scaffolds, the PCL/HA scaffold displayed minimum shrinkage, because inorganic particles exhibited low deformation during the printing and setting process. Although the compressive strength and modulus of the tri-component PCL/ PAVc/HA scaffold are lower than those of PCL and PCL/HA scaffolds, the values are still in the middle of the range of mechanical properties of human cancellous bone (compressive strength is 0.8-11 MPa and modulus is 12-140 MPa).
38 So the strength of the PCL/PAVc/HA scaffold is enough to provide mechanical support of a porous host site. Besides, the hole size, interconnective porous structure and porosity of the PCL/PAVc/HA scaffold are also suitable for cell adhesion and ingrowth, and new bone formation, as demonstrated by in vitro cell culture and in vivo animal experiments. Compared to other three scaffolds, the tri-component PCL/ PAVc/HA scaffold showed better cell proliferation and signicant increase of ALP and OC activity. In addition, the in vivo bone formation of the tri-component scaffold is also superior to that of the PCL/HA scaffold. These exciting results could be attributed to the synergistic effect or collaborative contribution of the PAVc component and HA component.
The enzyme alkaline phosphatase (ALP) is an indicator of osteoblastic activity, which plays a role in the formation of bone minerals and shows the commitment of stem cells to the osteoblastic phenotype, while the osteocalcin (OC) is mainly produced by osteoblasts as a sign of osteoblastic transformation. Higher expression of ALP and OC on the PCL/PAVc/HA scaffold in vitro illustrates that the mixing of PAVc and HA in PCL scaffold is successful, and this may also be the reason of better osteogenesis of the tri-component scaffold in vivo. A suitable selection of materials is crucial for both 3D printing and biological activity.
39,40
As expected, the 3D printed porous structure of scaffolds is well organized and very regular. The space formatted by the connection of the holes of all layers looks like a quadrate channel. So, the printed scaffold, which we would like call "channel structure", guides bone reconstruction through the channels or induces bone tissue growth in the direction of design. The micro-CT images and the histological images show that there was more new bone tissue in the PCL/PVAc/HA scaffold than in the PCL/HA scaffold, and more concentric bone structure could be observed in the holes of the PCL/PVAc/HA scaffold. Even at 12 weeks, the scaffold structure was still maintained due to the slow degradability of PCL matrix. When the reconstruction of bone tissue was nally realized aer a 12 week implantation, the PCL matrix slowly degraded in vivo and its degradation products were not harmful to the body. 22 The 3D printed PCL/PVAc/HA scaffold can be considered a controlled degradable bone biomaterial for repair of complex structural defects, based on its tri-component composition system and regular channel structure.
In the H&E stained tissue sections, we observed two types of new bone formation patterns in the scaffold grids or channels. One pattern is similar to normal CaP porous scaffolds that new bone formed directly on or contacting the matrix;
15 the other new pattern we found is the new bone tissue formed rst in the center of the grid and then arranged in concentric circles. The latter pattern is analogous to the osteogenesis pattern formation of osteon or Haversian canals of cortical bone. This concentric circular structure or the new bone formation pattern has not been observed in other 3D-printed scaffolds or reported previously.
14
As we know, osteons are the basic units of cortical bone. The osteon-like concentric bone structure in the channels of the PCL/ PVAc/HA scaffold should be useful for the repair of the long cortical bone which is still difficult to achieve with traditional bone scaffolds. [41] [42] [43] [44] In long bones, endochondral ossication remains the most important mechanism of bone formation. 45 In this context, there are two possible factors resulting in an interesting biological phenomenon. One major factor is the degradation of PVAc. 46 Chemical modication of a scaffold surface is the most commonly used strategy to modulate cell function via incorporation of cell-adhesion ligands, such as RGD peptide sequence. 47 However, restoration of a wounded tissue is a complex multistep physiological process that starts with proteolytic degradation of the surrounding matrix. The faster degradability of PVAc component via its hydrolysis may expose more HA particles on the surface of the PCL/PVAc/HA scaffold. The calcium component of HA may trigger Ca 2+ -dependent endopeptidases via a cysteine-switch mechanism, resulting in cell adhesion and strong biological stimulation of osteocytes, 48 which could deliver bone morphogenetic protein-2 to introduce the osteocytes aggregation and differentiation in the scaffolds.
49
Material degradation resulted in an unstable surface of the PCL/ PVAc/HA scaffold, where the osteocytes were difficult to reach. So, the osteocytes proliferated and differentiated from the center of scaffold channel aer a 4 week implantation. A multinucleated giant cell appeared at the edge of new bone for further bone remolding. Another major factor may be the channel structure. The inter-connective channel structure of scaffolds is well suited for the transport of nutrients and oxygen and export of metabolic waste. 50 The synergistic effect of the two factors stimulated the osteon-like bone formation in the PCL/PVAc/HA scaffold. In the following study, the degradability of the tri-component scaffold and the inuence of its metabolic products on osteocytes will be investigated in depth from biochemistry and cytokine aspects.
Conclusion
In summary, four groups of scaffolds, combining different components of PCL, PVAc and HA, have been produced using 3D printing method. Aer the addition of HA and PVAc components to the PCL matrix, the tri-component PCL/PVAc/ HA scaffold showed more favorable characteristics during in vitro cell culture experiment and in vivo bone formation, which can be attributed to the synergistic effect or collaborative contribution of the PAVc component and HA component, as well as the presence of interconnective channel in the porous structure. The new 3D printed scaffold presents a promising prospect for future biomedical applications.
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